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Restoring sight in blind cavefish

Richard Borowsky
Twenty-nine populations of the blind cavefish, Astyanax mexicanus, are known from different caves in North-Eastern Mexico (Figure ) . They evolved from eyed, surface-dwelling forms which only reached the area in the mid-Pleistocene []. Quantitative genetic analyses have shown that the evolutionary impairment of eye development -as well as the loss of pigmentation and other cave-related changes -results from mutations at multiple gene sites ('eye loci') [2, 3] . Eye loss has evolved independently at least three times [4, 5] and at least some of the eye loci involved differ between the different cave populations [3] . Hybrids between blind cavefish from different caves have larger and better developed eye rudiments than their parents ( Figure 2) [], reflecting these independent origins and complementation [3, 7, 8] . Given the large number of mutations at different loci that have accumulated in these populations, we reasoned that hybridization among independently evolved populations might restore visual function. Here we demonstrate restoration of vision in cavefish whose immediate ancestors were blind and whose separate lineages may not have been exposed to light for the last one million years.
We generated numerous F and F 2 hybrid crosses among cave populations to test whether hybrids could see, and to elucidate the underlying genetics. Purebred cave and surface fish served as controls. We also created compound hybrids by crossing F surface/caveA hybrids with F surface/caveB hybrids. Eye regression progresses with age [7] , so we studied fry (9 to 40 days old), to have the best chance of detecting vision. We measured body length and eye size and tested for vision using the optokinetic response: the reflexive following of moving stripes by the subject's eyes [9] .
Purebred cavefish from Molino, Pachón and Tinaja caves were tested for their optokinetic response (Supplemental data) and/or evidence of a dorsal light reflex, visual orientation to food items or response to a looming dark object. All cavefish were blind, consistent with the observation of serious defects in both lens and retinal structure during 'Stage III' of eye development [7] .
Quantitative trait loci (QTL) studies identified at least twelve unlinked eye loci in Pachón cavefish [2] . For purposes of discussion only, we take this number to be typical of 
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A. mexicanus cave populations. The average additive effect of each QTL was 4% of its total effect [2] . Thus, the genetics of eye size variation is largely additive. F hybrids between surface fish and cave fish have smaller eyes than surface fish, but are fully visual [7] , even into adulthood (data not shown). Thus, one surface allele at each of the population-specific eye loci is sufficient for restoring vision.
In contrast, 54% of the Pachón/surface and 24% of the Tinaja/surface F 2 hybrids were blind. Estimating from the Poisson distribution, these correspond approximately to the proportion of progeny being homozygous for 'cave alleles' at three or four of the twelve eye loci. This suggests that loss of function at three or four eye loci suffices to abolish vision. F hybrid progeny between different cave populations all had some individuals that exhibited clear optokinetic responses (Supplemental data). On average, 39% of Molino/Tinaja, 8% of Pachón/Tinaja, and % of Molino/Pachón F hybrids could see. (The Molino/Pachón fry were albino, which might account for the low percentage.) Significantly fewer of the F 2 than F Molino/ Tinaja hybrids could see (8% vs. 39%; Fisher's exact p << .00), reflecting the increased probability of homozygosity in the F 2 .
To estimate the extent of non-overlap between sets of eye loci between cave populations, we tested compound hybrids for vision. Offspring of Tinaja/surface crossed to Pachón/surface hybrids (ET/EP) and offspring of Molino/surface crossed to Pachón/ surface hybrids (EM/EP) had high proportions of seeing individuals (0.940 ± 0.02 and 0.950 ± 0.022, respectively); a significantly lower proportion of offspring from Curva/ surface crossed to Tinaja/surface hybrids (EC/ET) could see (0.409 ± 0.074; Fisher's exact p << 0.00). In their proportions of visual competence, ET/EP and EM/EP progeny resemble cave/surface F hybrids, while EC/ET progeny resemble cave/surface F 2 hybrids.
Based on complementation, our interpretation of the high proportions of seeing individuals in ET/EP and EM/EP crosses is that the Pachón population is genetically distinct from both the Molino and Tinaja populations. While there are alternative explanations for the non-complementation and low proportion of seeing ET/EC individuals, the most parsimonious is that the geographically proximate Curva and Tinaja populations have a shared cave ancestry and shared eye loci. These interpretations are consistent with geography ( Figure ) : the Molino and Pachón caves as well as Pachón and Tinaja are distant, while Tinaja and Curva are close []. Thus, Molino, Pachón, and Tinaja-Curva represent three independent multilocus convergences on eye regression. This observation underscores the power of a well defined environment to repeatedly direct the evolution of the same end phenotype, regardless of initial genotype.
Supplemental data
Supplemental data including experimental procedures are available at http://www.current-biology.com/cgi/ content/full/8//R23/DC Figure 2 . Eye restoration in Astyanax. Cave, intercave F hybrids, and surface Astyanax mexicanus fry illustrating relative eye sizes. The Pachón individual is albino and its eye size is indicated by the paired pipe marks in the top panel. Intercave hybrids have larger eyes than pure cave fish but significantly smaller eyes than surface fish.
